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Abstract Contrary to the accurate hard-sphee depiction of monomere hemoglohm in solution,

sickle cel hemoglobi (HbS polymerization/gelatio requires attentian to molecula interactions.
From the temperatue dependene of the osmott compressibiliy of HbS gels we were able to

extrad the entropy increas for concentratig HbS in this phase Normalizel per mole of water

removed the entropy increas from gd compressin AS?® is four times the previousy measured
AS"™@"s for the transition from monomeri HbS solution to HbS gel. The positive entropy change
cannd emerg@ from the assembyt of hard sphere but can indicate remodelirg of HbSfibers driven

by releas of ordered water. The fourfold differen@ in AS®®' and AS""S suggest that the ad of

initial fiber/gé formation from monomert solution differs from the proces of further polymeriza-
tion due to tighter packirg within the gd phase © 2001 Jom Wiley & Sons Inc.* Biopolymers
59 120-124 2001

Keywords hard sphere monomeri hemoglobin sickle cel hemoglobin polymerization gela-

tion; osmotc compressibility

INTRODUCTION

From the formation of amyloid plagues in the brains
of Alzheimea patients to the aggregatia of prion
proteirsin Creutzfeldt—Jakio diseaseto the polymer-
ization of mutart deoxygenatg hemoglobin in sickle
cell anemia it is becomimy increasingy recognized
that diseag can resut from abnormé proten aggre-
gation Sickle cel hemoglobn (HbS) has a single-
point mutatian in ead of itstwo g-chains [GluB6) —
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Val]. Changimg thee two negativey chargel gluta-
mates for hydrophobc valines (2 out of a totd of 574
residue} creats pathologica aggregation In vitro,
unde physiologic conditions HbS polymerizes to
form self-associatig fibers similar to thos observed
inthe anemawhere thes fibers stiffen red blood cells
and transfom them from a normd biconcae to a
rigid “sickled’ shape (seeg e.g, Ref. 1, for review).
In vitro, at temperaturg greate than 3°C, deoxy-
genatel HbS confined within a dialysis bag can be
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induced, by controlled changes in osmotic pressure/ Integrating the Maxwell relation, Eg. (3), as a func-
stress, to undergo a transition from monomer solution tion of ¢, Eq. (4), gives

to viscous gél (Figure 1a). The higher the tempera-
ture, the lower the osmotic stress required to cause Vi) a1 /a0l
this sol-gel transition and the greater the difference AS= J 9S= — J () dc (5)
between the saturated solution and the coexisting gel c T/,
concentrations. After the gel is formed, it can be

further concentrated/compressed osmotically with a Changes irc are reciprocal to changes \fy, so that
bemusing linearity between total HbS concentration g process that maintains constafy, is equivalent to
and applied stress. The slope is essentially indepen-gne at constant concentration.

dent of temperaturé.From the temperature depen- Surprisingly and conveniently, the dependence of

dence of osmotic pressure required to maintain con- [T on ¢ in the gel phase can be expressed in a linear
stant total HbS concentration, it is possible to “map” form (Table | and Figures 1a and 1b):

the entropy of the gel under osmotic compression.

c

(VoT) Co

IT=A(T) + B(T)c (6)

THERMODYNAMIC ANALYSIS OF HbS Substituting Eq. (6) into Eqg. (5) gives
GEL DATA

g UAL, dB o -
=——|¢-—Inc

The chemical potential of the HbS confined within the dTcl® dT co

dialysis bagu,,s changes as a function dfandlII,

while salt, buffer, and pH are kept constant. Note that for a dilute solution (van't Hoff limit),

IT = RTg A(T) = 0, andB(T) = RTin Eq. (6), then
Eq. (7) reduces to the familiar ideal case where
AS = —Rin(c,/c,) at constant.

From the experimental data, the temperature vari-
Vqq is the volume of exchangeable aqueous solution ation in B(T) is statisticaly insignificantB(T) = B
per mole HbS The chemical potentials of water and = 8.0 + 0.3 kPa mM 1) (Figure 1b). ConstarB(T)
other exchangeable components are set by the exterreduces Eq. (7) to;
nal reservoir. Applying a Legendre transfopm,s —
(Mups — Vadll) to Eq. (1) results in dA/1 1\ dA

qT (Cl - Co) =a7 (V1 — Vo) (8)

dl‘LHbS = _gT! H)dT + Vaq(T; H)dH (1)

d(MHbS - VaqH) = _STa Vaa>dT - H(T! Vaq)dvaq (2)
Taking T = 30°C as a representative point, the aver-

which yields a Maxwell cross-relation: age slope oAA(30°C),

= —1.1kPaK*'HbS*

(aS(T, Vao)) ~ (aH(T, vaq)) dA(3$°C) _ (23’)
- ad/ 7=30°C

Vag aT (3)
aq

gives (Table I, footnote c):
The measured change in osmotic pressure necessary
to maintain constan¥,, with varied temperature im- 1
mediately gives the change in entropy versus volume. AS*(30°C) = _1-1<)

Experimentally,c, the total concentration of HbS

inside the bag, and nat,, is measured as a function =—1.1AV (9)
of II. Because the amount of HbS inside the dialysis
bag is fixed, its contributiorV,,s, to the total volume ~ (ASisin J K * HbS %, cin M andV in L HbS™%).
Viot = Vag T Vs remains constant. Therefore when The entropy of the bag and reservaircreases

o=—11V; — Vo)

Co

¢ is in molar units, when water is removed from the gel pha%g € V).
Operationally we expressS*® (30°C) as the entropy
1 dc change when 18 mL of agueous solution (per mole
dV,e= d(c) =-2 4) HbS) are squeezed out of the gel. This is essentially
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FIGURE 1 (a) The osmostic pressure vs concentration of
HbS atT = 20°C (@), 30°C (V), and 37°C &). Heavy
dashed line is from Ross and Minfoimard-sphere model for
monomeric hemoglobins. Heavy solid lines indicate the
linear fit to HbS gel data (see text and Figure 1b). Inset: a
schematic of the experimental setup. After equilibration
against T500 dextran (MW 500,000 in 0.15M phosphate
buffer at pH 7.4), the deoxygenated HbS gel inside the
dialysis bag was carefully extracted and depolymerized
either by cooling of oxygenating to measure concentration
(see Prouty et dfor experimental details). For reference, 1
atm is 101.3 kPa; the intercellular concentration of hemo-
globin in red blood cells is approximately 34%, which can
be achieved by applying approximately 45 kKR@) The gel
region of HbS T = 20°C (@), 30°C (V), and 37°C #)],
determined by Prouty et & fitted either with a constari

or a temperature variabB(T) (date fitted using SigmaPlot
5.0 by SPSS)A(T) was the result of fitting the gel region
data to a linear model [Eq. (3) in Table I,

the same as saying “the entropy increase when one
mole of water is removed per mole HbS in the gel.”
Table | reports this entropy asSg!, (30°C).

How does thisASZE! | (30°C), based on gel com-
pression, compare to the analogahSian; (30°C)
determined by Prouty et alfor the sol-gel transi-
tion? At 30°C,ASY! | is almost 4 timedSIa"S (Table
). This difference stems directly from the measured
difference in gII/aTV,) in the gel vsdll;,nddTans
= AS,,ndAV,q for the transition (Table I). Normaliz-
ing AS™"® per AV,, = 18 mL removed is for com-
parison only. This normalization is natural for the
continuous process of osmotic gel compression. For
the discontinuous sol-gel transition, a specii¥/,
of water is removetiall at once.

DISCUSSION

The factor-of-four inequality betweedll,, . ddT;ans
of the sol-gel transition and\{I/IIT),,  of osmotic
gel compression (Table 1) strongly suggests that gel
formation from monomer and gel compression are
dominated by at least two different processes. Her-
zfeld et al? have convincingly argued in many places
that sol—gel transition creates a heterogeneous popu-
lation of aggregates while gel compression involves a
change in the mix of this population as well as inter-
actions between aggregates themselves. The positive
entropies of gel formation and compression a priori
rule out the dominance of steric (hard-sphere, config-
urational) interactions occurrinig a continuous and
featureless mediunto the free energy of gel forma-
tion or compression. This situation contrasts strongly
with models for the compression of the monomer
phase where hard-sphere steric entropy neatly ex-
plains the entire set of osmotic pressure data

The source of positive net entropy is usually taken
to reflect the temperature dependence of the polymer-
ization reaction or of the direct (i.e. non-steric) inter-
action of polymers. Prouty et dland Han and Her-
zfeld* have suggested that the entropy increase for
both the sol-gel transition and the osmotic concen-
tration of HbS gels might be due to the release of
ordered water. In the extreme limit, where this or-
dered water is ice-like, the entropy of its release

footnote c] where a commoB(T) = B is assumed (solid
lines). Allowing B(T) (dotted lines) to vary with temperature
improves the date fit; howeveF-test analysis shows that
the data do not support rejection of the simpler common
slope model K, ., = 1.52, F,;; = 5.49 at 1%,F, ,,

< Fecrit).2
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Table | Numerical Results

Two-Phase Model Applied to Gel

AStEn € Asigns
T Myand  Coar (I/0T) (@K™ dlyanddTyand (@K Moles H,O  Moles HbS Moles H,O Released/
(°C)  (kPa) (mM) A(T)’(kPa) (kPaK™) HbS™?) (kPa K1) HbS™ %) Release®l  Polymerizel Moles HbS Polymerized

20 211 316 —-11.0x21 — —
30 17.7 285 —17.2+24 -1.1 0.020 -0.27 0.0049 9.X100* 6.0x10°° 15
37 16.3 258 —-278x25 — — —

(whereVy,s = 0.75 mL g * and GMW of HbS= 64,800)

aValues derived from data by Prouty et?alFigure 1a). They differ slightly different from those reported in Table | of Prouty &t al.

b Results of fittingll = A(T) + B(T)c; B(T) = 8.0 = 0.3 kPa mM* (see Figure 1b).

cdA(30)dT = %{[A(30) — A(20)]/[30 — 20] + [A(37) — A(30)]/[37 — 30]} = —1.1. AS¥!, (30°C) is calculated for
AV =V, — V, = 18 mL.

“ For AS{gh, we can use the average slopelhf,,sat 30°C as calculated in footnote £5™"° = —0.27(1k)|& = —0.27(V, — Vo).

eAgglmL/ASusior(ASfusion =227 Kfl Hzoil)'

"Ceat= Npbd (Vag + Vind = Nupd (Vag + Vipdine), Wheren,, is number of HbS monomer¥,, is the agueous solution volume,
Vs is the volume of HbS monomers, aMj,,s is the molar volume of HbS monomers (0.75 mLCYy.

resembles an entropy of fusion. For lack of a better phase equilibrium. According to the phase rule, a
measure, we dividASS | (Table 1) by 22 J K* two-component (water and HbS) preparation fixed by
H,O %, the AS, .0, Of ice at 0°C, to estimate quali- three intensive variables (hydrostatic pressure, tem-
tatively an equivalent number of frozen waters re- perature, osmotic stress/chemical potential of water)
leased while compressing the gel by 18 mL. At 30°C can exist only in one phase away from the sol-gel
this corresponds to a minuscule 94 10 % moles transition/coexistence point in tteell plane. By this
“melted off” per mole water (18 mL) squeezed from thermodynamic constraint, the 15 water molecules per
the gel (Table I, footnote e). This estimate relies HbS molecule calculated in the previous paragraph
heavily on the arbitrary choice &S ., for “melt- rests precariously on an assumed two-phase gel that
ing.” cannot exist at true equilibrium over a range of os-
Experiments done in thabsenceof an osmotic motic stress above of the sol-gel transition.
pressure constraint have suggested to others that the What feature of the “gel” resists applied osmotic
HbS gel phase consists of two regions that act as stress? Even in the sol—gel transition, HbS does not
separate phases, a saturated monomer solution in locakxhibit “ideal,” conveniently clear two-state behavior.
equilibrium with condensed polyméiThe condensed  In contrast lysozyme, subjected to sufficient osmotic
polymer was determined to have a concentration of stress, precipitates/crystallizes to consume all mono-
approximately 69 g dL* (10.6 mM), similar to that of mers and the concentration of lysozyme in the crystals
deoxy-HbS single crystals.This “two-phase” ap- remain constant under higher applied stre$sbS
proach has been used with great success to interpretgels continue to increase in concentration under ad-
equilibria and kinetics of HbS polymerizatidrin this ditive stress after the sol—-gel transition. Phrased an-
approach, the experimentally observed changes in other way, what keeps the HbS gel concentration from
HbS gel concentrations are thought of as changing the immediately “jumping” to a limiting value after the
fraction of HbS in a saturated monomer solution transition? Is the gel a bag of polymer straw whose
phase versus polymer phase. Applying this model to stiffness resists osmotic compression but whose dis-
osmotic gel compression, the estimated %110~ * order protects unstressed cavities of saturated mono-
moles of released “frozen” water calculated above, mer solution? This picture violates the very thermo-
correspond to 15 molecules of water per HbS poly- dynamics that inspired it.
merized (Table I, footnote f). For comparison, the More reasonably, Han and Herzféldrgue that
amount of such waters released per HbS polymerized there is a dominant soft repulsion between polymer
at the sol—gel transition based &% at 303 K deter- fibers while the relatively few HbS monomers con-
mined by Prouty et &.would only be 3.6. tribute little to gel osmotic pressure. The low osmotic
In experiments done under osmotic pressure/chem- pressure sufficient to induce polymerization is un-
ical potential of water constraint, the polymer com- likely to cause HbS to undergo significant volume
position of the “gel” phase is not well established. It change. Ross and Mintdrave shown that at com-
is not clear whether the “gel” is in fact a single phase parable osmotic pressures both monomeric oxygen-
or a mixture of phases that have not come to true ated HbS and normal hemoglobin are well modeled
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by hard spheres. According to Han and Herzfegg| plex higher order structures from interaction between
compression entails continuous remorphing of the intricately structured polar and nonpolar macromolec-
polymer population through interactions between ular surfaces.
polymers themselves. It would be pleasing to see how
the positive entropy of compressing such alange We thank Per Hansen, Don Rau, and Peter Munson for
can vary linearly with its water content. The release of helpful suggestions.
water bound to hemoglobin monomers or to ends of
fibers, may be the source of this entropy increase. If
so, then linearity in entropy with water volume im- REFERENCES
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